Transforming growth factor-b (TGF-b) has a pivotal function in the progression of renal fibrosis in a wide variety of renal diseases. Smad proteins have been identified to have an important function in regulating the expression of extracellular matrix (ECM) proteins through TGF-b signaling pathway. Aberrant TGF-b/Smad signaling can be modulated by stabilization of microtubules with paclitaxel. In this study, we investigated if paclitaxel can attenuate tubulointerstitial fibrosis in a rat model of unilateral ureteral obstruction (UUO). Rats in groups of six were subjected to UUO and received low-dose intraperitoneal injection of paclitaxel (0.3 mg/kg) twice a week. They were killed at day 7 and 14 after UUO or Sham operation. TGF-b signaling cascade and status of various ECM proteins were evaluated by RT-PCR, western blotting and immunohistochemical or immunofluorescence staining. The paclitaxel treatment markedly suppressed Smad2 and Smad3 phosphorylation. This was associated with attenuated expression of integrin-linked kinase, collagens I and III, fibronectin (FN) and a-smooth muscle actin, and a substantial decrease in renal fibrosis in animals that underwent UUO and received paclitaxel. These data indicate that the low-dose paclitaxel ameliorates renal tubulointerstitial fibrosis by modulating TGF-b signaling, and thus, the paclitaxel may have some therapeutic value in humans.
Renal interstitial fibrosis is an inevitable consequence of an increased activity of myofibroblasts and excessive accumulation of extracellular matrix (ECM) that occurs in virtually every type of chronic kidney disease. Renal interstitial fibrosis is a progressive process that ultimately leads to end-stage renal failure, which requires dialysis or kidney transplantation. 1 Among various factors that regulate renal fibrosis, transforming growth factor-b (TGF-b) perhaps is the major cytokine that has a central function. TGF-b initiates the transition of renal tubular epithelial cells to myofibroblasts, the cellular source for ECM synthesis, which ultimately leads to irreversible renal failure. [2] [3] [4] Blocking of TGF-b with the neutralizing antibodies, antisense oligonucleotides, decorin and siRNA strategies have provided strong evidence that targeting this molecule would be perhaps the best therapeutic maneuver that one can use to ameliorate renal fibrosis. [5] [6] [7] [8] Other strategies may include the use of specific small molecules that could inhibit TGF-b receptor activity. However, transfer of such small molecules into humans still remains a daunting task, which is partly due to the inherent difficulties in methodologies associated with low efficiency and weak activity of nonviral vectors and unfavorable effects on the host body of viral vectors, such as, dysregulation of immune system and their oncogenic potential. Interestingly, a recent report shows that transgenic mice with TGF-b overexpression are actually protected from developing renal fibrosis, primarily through TGF-b's anti-inflammatory properties. 9 The TGF-b evokes diverse cellular responses by binding to and activating specific cell-surface receptors that have intrinsic serine/threonine kinase activity. The activated TGFb receptors stimulate the phosphorylation of receptor-regulated Smad2 and Smad3 proteins (R-Smads), which in turn form complexes with Smad4. This complex translocates from the cytoplasm into the nucleus, where the Smads regulate the transcription of target genes. Inhibitory Smad7 behaves in an opposing manner to the R-Smads, and downregulates TGF-b signaling. 10 Some studies have previously shown that endogenous Smad2, Smad3 and Smad4 bind to microtubules in several cell lines, and the binding provides a negative regulatory mechanism to modulate TGF-b activity. Disruption of the microtubule network by chemical agents, such as, nocodazole and colchicine, leads to ligand-independent Smad nuclear accumulation and transcription of TGF-bresponsive genes, which in turn increases TGF-b-induced Smad activity. 11 Also, there are certain literature reports that indicate aberrant ECM deposition in unilateral ureteral obstruction (UUO) model may be due to selective decrease of inhibitory Smad7 and increase of R-Smad3. 12 The aim of this study was to assess if microtubule stabilization with low-dose paclitaxel (Taxol) could inhibit TGF-b/Smad signaling and ameliorate renal fibrosis in the UUO model.
MATERIALS AND METHODS Care and Use of Laboratory Animals
Animal experiments were performed in accordance with the regulations set by the institutional committee for the care and use of laboratory animals, and were approved by the local authorities. Adult male Wistar rats (250-300 g body weight) were housed for 21-28 days on a 12 h light/dark cycle, and were allowed free access to food and water.
Animal Model
The animals were anesthetized with an intraperitoneal (IP) injection of freshly prepared Avertin. A midline incision was made in the abdominal wall, the left ureter was dissected out and ligated with 4.0 silk at two points along its length. The abdominal wound was approximated with the same silk suture and the animals returned to the cages. 13 Four groups of rats comprising 24 animals each (total ¼ 96) were included as follows. (1) Sham group: on the day of operation these rats received IP injection of PBS twice a week. (2) Sham þ Taxol group: the rats received IP injection of paclitaxel (Taxol; Sigma, St Louis, MO, USA) at a dose of 0.3 mg/kg twice a week. (3) UUO group: the rats received IP injection of PBS and underwent unilateral ureteral ligation. (4) UUO þ Taxol group: these rats in addition those in group III received IP injection of Taxol. Half of the rats were killed on day 7 after UUO or Sham operation, and the other half on day 14. The kidneys were harvested for various biochemical and morphological studies.
Real-Time Polymerase Chain Reaction
Total RNA was isolated using the High Pure RNA Isolation Kit (Roche, Switzerland) according to the manufacturer's instructions. Contaminated DNA was removed by treating the samples with RNAase-free DNAase I (Promega, Madison, WI, USA). Real-time PCR was performed using Bio-Rad (Hercules, CA, USA) iQ SYBR Green supermix with Opticon (MJ Research, Waltham, MA, USA) following the vendor's instructions. Total RNA (100 mg) was reverse-transcribed and subjected to PCR as follows: 941C for 2 min followed by 40 cycles of the following: 941C for 15 s, 581C for 30 s and 721C for 30 s, and a final extension at 721C for 10 min. The primers Figure 4 Western blot analyses depicting ILK, a-SMA, collagen I, FN and collagen III expression in vivo after paclitaxel treatment in UUO model. Whole renal cell extracts were immunoblotted with the indicated antibodies. ILK, a-SMA, collagen I, FN and collagen III expression was significantly higher in UUO rats on days 7 and 14 (Po0.01, n ¼ 6) than in Sham animals or Sham animals treated with paclitaxel. Treatment with paclitaxel resulted in a decrease in ILK, a-SMA, collagen I, FN and collagen III expression (Po0.05, n ¼ 6). Densitometric analyses were performed from six independent experiments. Each bar represents the mean ± s.d. for six animals. 0 . All samples were subjected to reverse transcription (RT)-PCR along with the housekeeping gene GAPDH having the following primer sequences: forward, 5
0 -TGCTGAGTATGTCGTGGAGTCTA-3 0 ; reverse, 5 0 -AGTGGGAGTTGCTGTTGAAATC-3 0 as an internal standard. Reaction specificity was confirmed by gel electrophoresis of products after real-time PCR and melting curve analysis. Ratios for Smad2/GAPDH, Smad3/GAPDH, a-SMA/GAPDH and collagen I/GAPDH, collagen III/ GAPDH, FN/GAPDH mRNA were calculated for each sample and expressed as the means±s.d.
Histology and Immunohistochemistry
For histological analysis, kidney tissues fixed with 4% buffered paraformaldehyde were embedded in paraffin, and 3-mm-thick sections were prepared. The sections were then stained with PAS and Masson's trichrome. 13 Immunohistochemical analyses were carried out by using anti-phospho-Smad2 (Upstate Biotechnology), anti-phospho-Smad3 (Cell Signaling Technology), anti-collagen III (Abcam), anti-collagen-I and anti-a-SMA (Santa Cruz Biotechnology). The sections were Paclitaxel prevents renal fibrosis D Zhang et al deparaffinized and quenched in 3% H 2 O 2 for 10 min to block endogenous peroxidase and then washed in PBS. They were incubated with various primary antibodies as listed above for 1 h and then with biotinylated secondary antibody followed by ABC reagent treatment as recommended by the vendor. Color development was achieved by incubating the sections with diaminobenzidine as a substrate. Slides were counterstained with Mayer's hematoxylin. Preincubation of the primary antibody with specific blocking peptides or substitution of the primary antibody with an irrelevant IgG served as negative controls. 4 For immunofluorescence study of FN, cryostat sections (4-mm thick) fixed in cold acetone were incubated with mouse anti-FN (Santa Cruz Biotechnology) for 1 h, followed by incubation with FITC-labeled anti-mouse IgG (Biosource, Camarillo, CA, USA). The slides were developed by confocal laser scanning microscopy. The intensity of phospho-Smad2, phospho-Smad3, a-SMA, collagen I, collagen III and FN staining was analyzed by an image analysis software (Path QC; Logene Biological Medical Engineering).
Western Blotting
Western blot analyses were carried out for the detection of Smad2/3, phosphorylated Smad2/3, a-SMA, collagen I, collagen III and FN expression in the kidneys as described. 14 Briefly, kidney tissues were treated with a lysis buffer (Sigma) and a cocktail set of phosphatase inhibitors (Calbiochem). Samples (20 mg) were fractionated by sodium dodecylsulfatepolyacrylamide gel electrophoresis. After transfer onto nitrocellulose membrane (Amersham, Buckinghamshire, UK), the blots were probed with a mouse monoclonal antibody to a-SMA (Santa Cruz Biotechnology; 1:1000 dilution) or a rabbit polyclonal antibody to p-Smad3 (Cell Signaling Technology; 1:1000 dilution) or ILK (Santa Cruz Biotechnology; 1:1000 dilution) or a goat polyclonal antibody 
Statistical Analysis
Data were calculated as the mean ± s.d. and the groups were compared using one-way analysis of variance. Statistical significance was set at Po0.05.
RESULTS

Effects of Paclitaxel on Renal Histology in Rat UUO Model
The paraffin-embedded sections of UUO or animals treated with paclitaxel were stained with PAS and examined. The UUO animals exhibited significant tubular atrophy on days 7 and 14, which was notably reduced with the paclitaxel treatment ( Figure 1 ).
Inhibition of ECM Expression is a Central Mechanism by which Paclitaxel Prevents Progressive Renal Injury in Rat Obstructive Nephropathy
The suppressive effects of paclitaxel on tubulointerstitial fibrosis, and mRNA and protein expression of ILK, a-SMA, collagen I, collagen III and FN were assessed by real-time RT-PCR, western blotting and immunohistochemistry. Figure 2 shows Masson's trichrome staining of tissue sections from UUO or animals treated with paclitaxel. The UUO animals exhibited marked tubulointerstitial fibrosis on days 7 and 14, which was significantly reduced by paclitaxel treatment. Figure 3 shows RT-PCR analysis that indicates paclitaxel has no effect on the basal mRNA expression of ILK, a-SMA, collagen I, collagen III and FN in Sham-operated rats. The expression of ILK, a-SMA, collagen I, collagen III and FN was reduced with paclitaxel treatment in kidney of rats with UUO on days 7 and 14 (Po0.01, n ¼ 6). Western blot and immunohistochemistry or 
Blockade of Smad2/3 Activation is a Key Mechanism by which Paclitaxel Prevents Renal Fibrosis in Obstructive Nephropathy
The effects of paclitaxel on expression of Smad2 and Smad3 mRNA by real-time RT-PCR were assessed. The analysis shows that paclitaxel has no effect on Smad2 and Smad3 mRNA expression in Sham-operated or UUO rat kidneys on days 7 and 14 ( Figure 9 ). Western blot analysis shows that phosphorylated Smad2/3 but not 'total' Smad2 or Smad3 expression were markedly reduced with paclitaxel (Taxol) treatment in kidneys of rats with UUO on days 7 and 14 (Po0.01, n ¼ 6). By contrast, paclitaxel has no effect on the expression and phosphorylation of Smad2/3 in Sham- (Figures 11 and 12 ).
DISCUSSION
In this study, we observed that the renal tubulointerstitial fibrosis in the UUO model on days 7 and 14 was substantially decreased by IP injection of paclitaxel, a microtubule-stabilizing agent, thus suggesting that the low-dose paclitaxel may have therapeutic benefits in the amelioration of renal tubulointerstitial fibrosis.
Renal fibrosis is an end point of a wide variety of renal diseases that leads to an end-stage renal disease, and TGF-b has been regarded as a key mediator in the progression of the process of fibrosis. TGF-b is upregulated in UUO model, which is associated with tubular epithelial-mesenchymal transition (EMT) and increased synthesis of ECM. 15 The downstream signaling effects of TGF-b are mediated by Smad3. 16 The Smad3 loss can afford protection from radiation-induced fibrosis, 17 bleomycin-induced pulmonary fibrosis, 18 presumably by interrupting the pathways leading up to matrix production by fibroblasts that lead to tubulointerstitial fibrosis. Recent reports indicate that Smad7 is selectively decreased, whereas phosphorylation of Smad2 and Smad3 is increased in UUO model. 12 Furthermore, it has been previously shown in several different cell lines that microtubules serve as negative regulator for TGF-b/Smad signaling by forming a complex with endogenous Smad2, Smad3 and Smad4, thus sequestering the R-Smads away from the TGF-b receptor.
11 Therefore, it is conceivable that stabilization of microtubules by low-dose paclitaxel can dampen the exacerbated TGF-b signaling as reported in TGF-b-induced inhibition of myogenesis in C2C12 myoblasts. 19 Similarly, in an earlier report, Liu et al 20 also described that paclitaxel can significantly suppress TGF-b/Smad activity in SCID mice. In this study, we provide evidence that low-dose paclitaxel suppresses phosphorylation of Smad2 and Smad3, two homologous Smad proteins that transduce signals from TGF-b and activin, in rat UUO model. These data support the notion that TGF-b/Smad signaling is regulated by the dynamic stability/instability of microtubules that are sensitive to low-dose microtubule-stabilizing agents, such as paclitaxel.
Paclitaxel is an anticancer agent, 21 which by stabilizing polymerized microtubules and enhancing microtubule assembly, arrests the cell cycle in the G 0 /G 1 and G 2 /M phases, leading to cell death. 22, 23 Prolonged chemotherapeutic treatment with paclitaxel has been associated with scleroderma-like changes or pulmonary fibrosis, albeit in only a small fraction of the patients. It is noteworthy that the inhibition of tumor cell proliferation can be achieved by much higher dosages of paclitaxel. The inhibition of TGF-b/Smad signaling, however, can be attained with very low dose of paclitaxel. Whereas, some of the recent studies indicate that low-dose paclitaxel had minimal, if any, detectable effects on cell proliferation and other cellular activities, including fibrosis. Intriguingly, low-dose paclitaxel has been shown to inhibit collagen-induced arthritis and fibrosis associated with systemic sclerosis in SCID mice. 20, 24, 25 In this study, the lowdose paclitaxel treatment effectively reduced interstitial deposition of collagen I, collagen III and FN, and expression of ILK and a-SMA. The ILK is an intracellular serine/threonine protein kinase that interacts with the cytoplasmic domains of b-integrins and several other cytoskeleton-associated proteins. [26] [27] [28] [29] Increasing evidence suggest that ILK is a critical mediator for tubular EMT and most likely has a crucial function in the pathogenesis of renal fibrosis, where ILK induction by TGF-b1 is clearly dependent on Smad signaling in tubular epithelial cells. 30 The expression of a-SMA is considered specific for myofibroblasts that may be derived from EMT. The myofibroblasts expressing a-SMA are found in the interstitium of obstructed kidneys and such cells may produce ECM components, ie, collagen I, collagen III and FN, 31 similar to the ones observed in the rat UUO model.
In conclusion, we have shown that low-dose paclitaxel can significantly suppress the exacerbated TGF-b/Smad/ILK signaling in kidney and lessens the interstitial fibrosis in the rat UUO model by reduction of TGF-b expression. It is hoped that Paclitaxel prevents renal fibrosis D Zhang et al the results of current studies would give an impetus for future investigations to explore the therapeutic potential of paclitaxel in the amelioration of renal tubulointerstitial fibrosis.
